Three different isoforms of the inhibitory guanine nucleotide-binding protein a-subunit (G,J have been cloned. However, little information on the cardiac-specific expression of these isoforms is available. The deduced amino acid sequence of a full-length Gu.2 complementary DNA from a canine ventricular library displays several unique residues compared with those from other species. In contrast to previously described complementary DNA clones for GJ 1 , this complementary DNA has a complete 3'-untranslated region with the expected consensus sequence for polyadenylation. G l0[ 2 is the predominant isoform in the heart, and its message level of 14.7±4.9 pg/10 /xg total ventricular RNA is about fourfold lower than that of the stimulatory guanine nucleotide-binding protein. (Circulation Research 1989;65:1136-1140 
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Tissue-and Species-Specific Expression of Inhibitory Guanine Nucleotide-Binding Proteins
Cloning of a Full-Length Complementary DNA From Canine Heart
Stephan R. Holmer, Stephanie Stevens, and Charles J. Homey Three different isoforms of the inhibitory guanine nucleotide-binding protein a-subunit (G,J have been cloned. However, little information on the cardiac-specific expression of these isoforms is available. The deduced amino acid sequence of a full-length Gu.2 complementary DNA from a canine ventricular library displays several unique residues compared with those from other species. In contrast to previously described complementary DNA clones for GJ 1 , this complementary DNA has a complete 3'-untranslated region with the expected consensus sequence for polyadenylation. G l0[ 2 is the predominant isoform in the heart, and its message level of 14.7±4.9 pg/10 /xg total ventricular RNA is about fourfold lower than that of the stimulatory guanine nucleotide-binding protein. (Circulation Research 1989; 65:1136 -1140 T he guanine nucleotide-binding proteins (Gproteins) act in signal transduction and couple numerous membrane receptors to their effector enzymes and ion channels. Their structure is heterotrimeric with the a-subunit being responsible for the binding and hydrolysis of GTP and for the activation of the effector pathway. 1 The asubunits of distinct G-proteins display functional specificity, whereas the /3-and -y-subunits appear to be interchangeable. 2 Molecular cloning techniques have allowed the identification of a wide array of G-proteins that are members of a multigene family. 3 Some of these proteins are expressed in an exquisitely tissue-specific manner, like transducin in retinal rods and cones, whereas others are distributed in a variety of tissues and cell lines, such as the adenylate cyclase-stimulatory (G s ) and -inhibitory (G j ) G-proteins. Four isoforms of G M (a-subunit of G 5 ) have been shown to be generated from a single gene by alternative RNA splicing, and the human gene has now been characterized. The complementary DNAs (cDNAs) for three distinct a-subunits of G| have been cloned from human brain, bovine brain, human monocyte, rat C6 glioma cells, mouse macrophage, human T lymphocyte, 1 ' 3 rat olfactory epithelium, 5 and, recently, human liver* as products of separate genes. The expression of the G| isoforms, which is shown by Northern analysis of RNA extracted from various rat tissues, varies widely among different tissues. 5 -6 In the heart, as well as in other tissues, the activation of a Grprotein by a 2 -adrenergic and muscarinic receptor stimulation leads to the inhibition of adenylate cyclase. This counteracts the stimulatory pathway activated via £-adrenergic receptors and results in a decrease in myocardial chronotropy and inotropy. A G r protein is also responsible for coupling the atrial muscarinic receptor to the potassium channel. J -7 -8 It has been shown that a purified G-protein from human erythrocytes is able to activate atrial K + channels. This G-protein has been identified as a member of the G la 3 class. 6 In addition, a 41-kDa pertussis toxin-sensitive Gprotein seems to be involved in the a,-adrenergic modulation of the automaticity of canine Purkinje fibers. 8 At least two of the isoforms, G io 2 and G ia 3, are expressed in the heart, but no quantitative or detailed structural information is available on cardiacspecific isoforms.
We report the unique sequence of a full-length cDNA for G2 from canine ventricle, which shows several structural differences to known sequences for G^l. Specifically, this cDNA includes nonconservative and conservative amino acid differences and a complete 3'-untranslated region, which has not previously been reported but was predicted by ACACCTACTCCTACACGCCCCCCCCCCGCACCTCTCCCTCCCCCGCCCCCCAGCCCCCCCCCCCCCGTC H binding protein (G, a 2) in canine heart, and pre- the gene sequence. 9 Northern analysis and dot blotting of cardiac RNA show that 1) G ia 2 is the major isoform expressed in the heart and 2) its message is represented about fourfold less in total ventricular RNA than that of G w .
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Materials and Methods cDNA Libraries
The AgtlO cDNA libraries (gift of Drs. Bruce Scott and Bernardo Nadal-Ginard) from canine and rat heart were made by well-described techniques. 10 Recombinant DNA technology was performed as described by Maniatis et al. 11 About 2x10* recombinant plaques of the dog library were screened with a probe coding for bovine G M provided by Dr. Joel Moss. The DNA was labeled by nick translation, and filter hybridization was carried out at 42° C for 16-20 hours in a standard buffer 11 containing 50% formamide and 5 x sodium chloride-sodium citrate (SSC) (lxSSC is 0.15 M NaCl and 15 mM sodium citrate, pH 7). The filters were washed in 0.2 x SSC and 0.2% sodium dodecyl sulfate (SDS) at 55° C. Plaques (2x10*) of the rat library were sub-sequently screened with the canine heart cDNA labeled by nick translation.
DNA Sequence Analysis
For the nucleotide sequence analysis, restriction fragments were cloned into the plasmid pGEM3 (Promega, Madison, Wisconsin) and the phage M13 (New England Biolabs, Beverly, Massachusetts) vectors. The sequence was determined by using the dideoxynucleotide chain termination method 12 and the SP6 and T7 promoter primer (Promega) or the M13 universal primer (USB, Cleveland, Ohio) provided by commercially available kits. For certain regions, synthetic oligonucleotide primers for sequencing were prepared on a DNA synthesizer (Applied Biosystems, Foster City, California). Each portion of the sequence was obtained at least once in sense and antisense orientation.
Northern Blot Analysis
Total RNA was extracted from heart tissue using hot phenol extraction and two subsequent precipitations with 3.4 M guanidinium HC1, 0.3 M sodium acetate, and 50% ethanol. Twenty micrograms total RNA was electrophoresed in a 1% agarose gel con-Blots were then exposed to x-ray film and scanned taining 3% formaldehyde in 0.02 M 3-(Af-morpholino) with a laser densitometer (Pharmacia LKB Biotechpropane sulfonic acid and 1.6 mM ethylenediamine-nology, Piscataway, New Jersey), tetraacetic acid 11 and transferred to nitrocellulose filters (Schleicher and Schuell, Keene, New Hamp-Chemicals shire). A restriction fragment of the canine cDNA, All chemicals (molecular biology grade) were spanning nucleotides 1-1,061 was used as a probe for purchased from Sigma (St. Louis, Missouri) except hybridization in a standard buffer containing 50% SDS (electrophoresis grade), which was from Bioformamide at 42° C for 16 hours. The filters were Rad (Richmond, California), washed in O.lxSSC and 0.2% SDS at 60° C.
Results Dot Blot Analysis W e identified one positive cDNA clone using G,,., The sense strand RNA of canine G iCT 2 and G M was as the probe in screening the canine ventricular transcribed with the Riboprobe system (Promega) cDNA library. Sequence analysis revealed that this from pGEM3. A 1:2 serial dilution of this RNA was clone was not a G M cDNA but encoded for G^. By blotted as standard curves onto nitrocellulose using rescreening our library with probes that were derived a Hybri.Dot manifold (Bethesda Research Labora-from the translated region of this cDNA and that are tones, Gaithersburg, Maryland) in a buffer contain-highly homologous to similar regions of G ia l and ing 6xSSC, 7.4% formaldehyde, and 1 mg/ml yeast G^, we were unable to obtain cDNAs other than transfer RNA. Similarly, a V-2 serial dilution of those encoding for G^.2 even under less stringent total canine ventricular RNA was blotted. The blots conditions. Screening the rat cardiac cDNA library, carrying the G^-standard curve and the canine we similarly identified several clones whose heart RNA were hybridized and washed as described sequences were identical to the published sequence for the Northern blot. Similarly, canine ventricular of G^ from other rat tissues. 5 The full sequence of RNA and G w -standard RNA were hybridized to a G^ from canine ventricle is shown in Figure 1 . Its canine cDNA probe for G,,, (which spans the entire length is 2,209 base pairs, with a 5'-untranslated translated region from nucleotides -12 to 1,188) region of 114 base pairs and a 3'-untranslated region and washed at 65° C in O.lxSSC. The specificity of of 1,039 base pairs. The translation initiation codon the probe was assured by including a Northern blot.
is embedded in the context GCGGGATGG. This differs from the preferred Kozak consensus sequence CCA/GCCAIQG in all bases except those at position -3 and +4, which are thought to be critical for efficient translation initiation. 13 Interestingly, G ia 2 from rat tissues shows GCAGGATGG at the initiation site, having adenine instead of guanine at the -3 position. The adenine is more commonly used at this position and has been suggested to initiate translation more efficiently. 13 Comparing the deduced amino acid sequence of the canine ventricular G ia 2 with published sequences for G la (Figure 2 ), we found a highly homologous primary structure although several potentially interesting differences were observed. These differences are found only at residues that have been shown to be variable across species and across the three isofonns. Most of these residues are located in exons 3 and 4 of the human gene, 14 which represent the putative effector coupling region of the protein, 15 and in exons 7 and 8, which encompass the postulated receptor binding site. Unique residues in the dog ventricular G ja sequence include the nonconservative substitution of aspartic acid for alanine 96, introducirg an acidic residue, asparagine, for histidine 135, and cysteine for glycine 126, which is seen in Gi.,2 from human monocyte, rat tissues, and mouse tissues and also in G^l from human and bovine brain. While the cysteine for glycine substitution is a conservative one, it results in an uneven number of cysteine residues in the molecule compared with the 10 cysteine residues found in other species. Several other residues of the canine ventricular sequence show homology with human monocyte G ia 2 but not with sequences from rat tissues and mouse macrophage. These include serine 99, threonine 113, valine 119, histidine 281, and glutamate 298, which is also seen in brain G^l.
The 3'-untranslated region contains a polyadenylation signal at position 2,198 and polyadenylates at position 2,210. It also contains a stretch of 14 adenosines at positions 1,745-1,758. This might have caused 3'-truncated clones to be obtained during construction of the cDNA library due to priming of the deoxythymidylic acid (dT)-oligomers at these positions during the synthesis of the first cDNA strand. This might have been the case for the G^ sequence obtained from rat olfactory epithelium where the use of an unusual polyadenylation signal was suggested. 5 The Northern analysis of RNA prepared from canine left ventricle is shown in Figure 3 . A probe encompassing nucleotides 1-1,061, which encodes for almost the entire translated region of the cDNA, was labeled by nick translation. This probe hybrid-izes to a message of approximately 2.3 kb in length, indicating that the described sequence is nearly a full-length cDNA and lacks only a small number of nucleotides in the 5'-untranslated region. Based on published sequences, this probe should be approximately 85-90% homologous to G ia l and G ia 3. However, we could only detect minimal levels of message of a higher molecular weight, which would be expected for both G la l and G^. 5 -6 Radiolabeled restriction fragments of similar specific activity derived from the 3'-untranslated region of G^l or G^, respectively (provided by Dr. Randall Reed), were used to probe rat heart RNA. Although these probes are specific for these isoforms, 5 only a weak signal for these G la species was obtained as compared with G la 2 (data not shown). These findings indicate that G ia 2 is the major isoform expressed in the heart. The messenger RNA level for this message is approximately 14.7±4.9 pg/10 /xg total RNA as determined by hybridization,to a serial dilution of a messenger RNA-sense strand transcript from pGEM3 (Figure 3 ). Comparing this level with the messenger RNA level for G M in the same tissue, determined by a similar technique with a canine G M RNA standard curve and probe for hybridization, we found 65.9±24.7 pg/10 ^g total RNA for G M . This indicates that the steady-state level of G, o messenger RNA is about fourfold higher than that of the G ia messenger RNA in the canine left ventricle. Interestingly, the level of the G^-protein in canine ventricular membranes is thought to be severalfold less than that of the G ia -protein. 1617 Similar observations regarding the ratio of G ia to G M have been made in cells from other tissues. 18 The mechanism for this altered ratio at the protein level compared with the messenger RNA level is unknown.
In summary, the amino acid sequence of G ia 2 in canine ventricle is distinct from the GJ1 observed in other species and shows several amino acid differences in the putative effector coupling region of the protein. The 3'-untranslated part of the cDNA is longer than that previously described for G, a 2 and contains a typical polyadenylation signal. G la 2 is the most abundant isoform in the canine ventricle and is present at a fourfold lower concentration than the G M message.
